MODIS has 20 reflective solar bands (RSB), covering the VIS, NIR, and SWIR spectral regions. They are calibrated onorbit using a solar diffuser (SD) panel, made of space-grade Spectralon. The SD bi-directional reflectance factor (BRF) was characterized pre-launch by the instrument vendor with reference to the NIST reflectance standard. Its on-orbit degradation is tracked by an on-board solar diffuser stability monitor (SDSM). The SeaWiFS on-orbit calibration strategy uses monthly lunar observations to monitor the long-term radiometric stability of the instrument and applies daily observations of its solar diffuser (an aluminum plate coated with YB71 paint) to track the short-term changes in the instrument response. This paper provides an overview of MODIS and SeaWiFS SD observations, applications, and approaches used to track their on-orbit degradations. Results from both sensors are presented with emphasis on the spectral dependence and temporal trends of the SD degradation. Lessons and challenges from the use of SD for sensor on-orbit calibration are also discussed.
INTRODUCTION
Terra MODIS has successfully operated for more than 9 years since its launch in December 1999 and Aqua MODIS for more than 7 years since its launch in May 2002 [1, 2] . The MODIS was designed with a number of improvements over its heritage sensors in order to extend their long-term data records and to improve the sensor's on-orbit calibration and data quality. For this reason, MODIS was built with a set of on-board calibrators (OBC). MODIS observations are made in 36 spectral bands with wavelengths covering both the solar reflective and thermal emissive regions, thus allowing a broad range of science products to be derived. These data products are widely used by the science and user community for studies of the short-and long-term changes in the Earth's system of land, ocean, and atmosphere. The 20 reflective solar bands (RSB), covering the visible (VIS), near infrared (NIR), and short-wave infrared (SWIR) spectral regions, are calibrated on-orbit using a solar diffuser (SD). The SD panel was made of space-grade Spectralon materials. Its on-orbit degradation is characterized by an on-board solar diffuser stability monitor (SDSM) [3] [4] [5] . Figure 1 shows the MODIS instrument scan cavity and its OBC locations. Normally, the SD and SDSM are operated together for each scheduled RSB calibration event. MODIS is a cross-track scanning radiometer using a two-sided scan mirror. Each scan of 1.478s duration, MODIS collects data from the OBC and the Earth view (EV). The MODIS Characterization Support Team (MCST) at NASA/GSFC has been responsible for calibrating and characterizing both Terra and Aqua MODIS instruments.
SeaWiFS was launched on-board the OrbView-2 satellite in August 1997. A shown in Figure 2 , the SeaWiFS sensor is an 8-band VIS and NIR scanning radiometer with its design and operation optimized for ocean color applications [6] . Its on-orbit calibration strategy uses monthly lunar observations to monitor the long-term radiometric stability of the instrument and the daily observations of a solar diffuser to track the short-term changes in the instrument response [7] [8] [9] . The instrument SD port is clearly identified in Figure 2 . For more than a decade since its launch in 1997, the SeaWiFS observations have made significant contributions and improvements to the ocean color data products. The Ocean Biology Processing Group (OBPG) at NASA/GSFC has been responsible for the SeaWiFS sensor on-orbit calibration. This paper, through a joint effort by MCST and OBPG, provides an overview of MODIS and SeaWiFS SD on-orbit observations, applications, and methodologies applied to track their on-orbit degradations. The SD degradation results are presented and discussed for both the Terra and Aqua MODIS instruments and for the SeaWiFS. The primary focus of this work is on the spectral dependence and temporal trends of SD on-orbit degradation. When operated under their nominal conditions at the mission beginning, both Terra and Aqua MODIS SD show similar degradation trends with an annual degradation rate of approximately 3% at 0.41μm, 2% at 0.47μm, and 1% at 0.53μm. For Terra MODIS, there was an SD door operation anomaly in May 2003. Since then, the SD door has been permanently fixed at the open position. This has led to extra solar illumination on to the SD, thus an increased degradation rate. Like MODIS, SeaWiFS SD degradation shows an exponential dependence on time, stabilizing 3-4 years into the mission. Apart from the impact due to beta angles and instrument shadowing, the shorter wavelengths experience faster degradation rates, with the maximum degradation ranging from ~9% at 0.412μm to ~3.5% at 0.670μm.
MODIS SD OBSERVATIONS AND DEGRADATION MONITORING
The MODIS RSB calibration is reflectance based using an on-board SD panel as shown in Figure 1 . The SD BRF was characterized pre-launch by the instrument vendor using reference samples traceable to the NIST reflectance standard and validated on-orbit using SD observations made during spacecraft maneuvers [10] [11] [12] . The RSB on-orbit SD calibration has been scheduled at a frequency varying from weekly at the mission beginning to tri-weekly after about 5 years of on-orbit operation. MODIS RSB detector gains were set at different levels depending on their primary applications. In general, the bands for the land and atmospheric observations (bands 1-7, 17-19, and 26) have relatively low gains compared to the bands for the ocean color applications (bands 8-16). Because of this, a complete RSB calibration typically consists of two consecutive sets of SD observations: one for the high-gain band calibration with an SD screen (SDS) placed in front of the SD panel, and another for the low-gain band calibration without the SDS. In order to continuously maintain the RSB data product quality and accurately track on-orbit changes in SD BRF caused by constant solar exposure on the SD plate, an on-board SDSM, also shown in Figure 1 , is operated during each scheduled SD calibration.
The SDSM functions as an independent ratioing radiometer with its own detectors embedded in a small solar integration sphere (SIS). There are 9 SDSM detectors covering wavelengths from 0.41 to 0.94μm (Table 1) . Each detector collects data alternately from the direct sunlight (Sun View) through a fixed transmission screen and the diffusely reflected sunlight from the SD panel (SD view). All 9 SDSM detectors simultaneously collect data from the Sun view and from the SD view. The time series of the ratios of the SD view response to the Sun view response is used to monitor the SD BRF degradation. The use of SDSM transmission screen allows the SDSM detectors' responses between its Sun view and SD view to be closely matched. According to the original design, the SD on-orbit degradation at the wavelength of SDSM detector i (Δ i ) is monitored by the ratios of its SD view response ( i SD dc ), corrected for the background, the SD pre-launch BRF, and SD view cosine factor, to its Sun view response ( i Sun dc ), corrected for the background:
As previously described [11] , a small design error in an SDSM component had caused significant ripples in its Sun view responses. Consequently, the original ratioing approach could not adequately track the SD degradation, especially at the mission beginning. In order to remove the impact due to large ripples in the Sun view responses, an alternative approach was developed by the MCST, which normalizes the ratios in Eqn. 1 to the detector 9 at 0.94μm. The normalization completely ignores the SD degradation at the detector 9 wavelength as it is considered to be extremely small [11] , and effectively removes the ripples and produces a stable time series to track the SD degradation at other wavelengths. The normalization approach can be expressed as,
Although the original approach does not work well due to large fluctuations in the SDSM Sun view response, its longterm trending still provides useful information on SD degradation. The normalization approach works very well on a short-term basis. However, its long-term results are impacted by the accumulated uncertainties from the degradation at detector 9 wavelength. Recently, MCST has developed a look-up-table (LUT) approach [13] . The parameters in the LUT, Λ, are derived from detector 9 observations over a relatively short period (e.g. 1 year). Thus,
The time independent LUT values only depend on the viewing geometry. They can significantly reduce the ripples and avoid accumulated SD degradation at detector 9 wavelength. This approach works well for the mid-and long-term degradation trends. 
SEAWIFS SD OBSERVATIONS AND DEGRADATION MONITORING
The SeaWiFS instrument gains were set to measure the oceans, which are dark relative to the Sun. Accordingly, sensor solar calibrations are made using a diffuser with an initial Lambertian reflectance of 10%, which corresponds to a bidirectional reflectance distribution function (BRDF) of 0.0318 (0.10/pi). As illustrated in Figure 2 , the SeaWiFS SD is attached to the side of the instrument and is illuminated by the Sun as the satellite passes over the South Pole. The diffuser is an aluminum plate coated with YB71 paint and with a nominal incidence angle of 60° from normal. The YB71 is a white thermally-controlled paint with a near-Lambertian BRDF, a high reflectance, and apparent stability in the space environment. This paint was characterized by the instrument manufacturer, Santa Barbara Remote Sensing (SBRS), and found to be spectrally flat over the wavelength range of SeaWiFS. SBRS also designed and built the Terra and Aqua MODIS instruments.
In order to attenuate the solar flux on the diffuser, similar to MODIS ocean color band calibration, a fixed aperturescreen of black anodized aluminum is used in SeaWiFS SD calibration. This screen is a plate of 2.54 mm thickness, with holes of 4.32 mm diameter spaced on 6.35 mm centers. The aperture screen has a nominal incidence angle of 30° from its normal. The spacing between the screen and the diffuser is such that reflections from the back of the screen onto the diffuser account for less than 1% of the total illumination. The screen configuration and placement provide a uniformly illuminated diffuser surface and reduce the illumination variations as the incidence angle of the solar irradiance on the diffuser varies over the year. Due to the placement of the SD at the side of the instrument, SeaWiFS observes the diffuser over instrument scan angles of +81° to +99°, while ocean observations occur over scan angles of +/-58.29°. Since the solar diffuser is always observed over the same narrow range of scan angles, which lie outside of the scan angle range of the Earth data where the response versus scan angle (RVS) had been measured, no RVS corrections are applied to the solar calibration data. The BRDF of the SeaWiFS diffuser was characterized pre-launch by SBRS for band 4 (510 nm) and band 8 (865 nm) over a limited range of illumination angles and for all eight bands at normal incidence.
The OBPG Calibration and Validation Team (CVT) has undertaken an analysis of the mission-long SeaWiFS solar calibration time series spanning some 4200 days from the start of on-orbit operations in September 1997 through midApril 2009. The solar calibrations are obtained on the same orbit of each day when the spacecraft is over the South Pole. For each calibration, an average solar radiance, reflected by the solar diffuser, was computed for each band. The operational calibration, derived from the lunar observations, was applied to the data to correct for changes in the radiometric response of the instrument over time. The resulting time series were also normalized to an Earth-Sun distance of 1 AU. This time series represents the normalized diffuser reflectance along with the mission-long effects of the varying beta angles of the solar irradiance and of the orbit node drift. For SeaWiFS, the satellite orbit had decayed from an initial altitude of 705 km, with a node crossing time of 12:00 noon, to a current altitude of 690 km, with a node crossing time of ~1:40 p.m. The orbit node drift is shown in Figure 3 
RESULTS AND DISCUSSIONS
Aqua MODIS SD on-orbit degradation results, derived from the originally designed ratioing approach (Eqn.1) and the normalization approach (Eqn. 2), are illustrated in Figure 4 for spectral wavelengths of at 0.412μm (SDSM D1) and 0.904μm (SDSM D8). Large variations in the time series from the original approach are mainly due to the ripples in the SDSM Sun view responses. Similar ripples are present at all wavelengths (D1-D9). Because of this, the original approach cannot provide an adequate and stable trend to monitor the SD degradation, especially over a short period. The results from the normalization approach, on the other hand, have shown significant reduction of the impact due to SDSM Sun view ripples and illustrated that this approach can work very effectively in tracking SD on-orbit degradation. The only drawback of this method is that the SD degradation derived from the normalization approach is relative to the degradation at D9 wavelength. Although D9 degradation is relatively small, the long-term accumulative effect could still have noticeable impact on the absolute calibration and data quality, and a correction should be applied. Figure 5 shows Aqua MODIS SD degradation trends (fitting curves of SDSM time series) derived from the D9 normalization approach. It is clear that MODIS SD on-orbit degradation has strong wavelength dependence. The SD degradation rate is much faster at shorter wavelengths (VIS) than that at longer wavelengths (NIR). There is a small stepwise drop in the Aqua MODIS SD degradation trends at the mission beginning. This was due to a dropped command during a routinely scheduled SD calibration event, which had caused the SD door to remain at the "open" position for approximately 5 days and led to extra solar illumination on the SD panel. Overall, the Aqua MODIS SD degradation trend has been continuously smooth and stable. For comparison purposes, the Terra MODIS SD on-orbit degradation trends, also derived from the normalization approach, are shown in Figure 6 . In addition to wavelength dependent degradation, the time series has two distinctive segments, corresponding to two different SD calibration configurations. The first segment is very similar to Aqua MODIS SD degradation trend, during which the SD/SDSM operations are regularly scheduled under similar configurations. For Terra MODIS, however, an SD screen operation anomaly in A summary of both Aqua and Terra MODIS SD annual degradation rates is presented in Table 2 for SDSM detectors 1-8 (D1-D8) based on the results derived using the D9 normalization approach. From a long-term perspective, additional corrections must be made to include the SD degradation at D9 wavelength. Using the LUT based approach (Eqn. 3), the impact due to D9 degradation can be significantly reduced. For Aqua MODIS, the total estimated SD degradation at D9 wavelength is approximately 0.3% for over 7 years. For Terra MODIS, the SD degradation at D9 wavelength has reached to 1.3% for over 9 years. The D9 degradation corrections have been applied to the latest calibration coefficients in order to continuously maintain the data quality. The SeaWiFS diffuser time series is presented in Figure 7 for bands 1-4 (a) and bands 5-8 (b), respectively. Each time series contains the effects due to the degradation of the diffuser reflectance over time, the varying beta angle, and the orbit node drift on top of the varying beta angles. The uncertainties in the diffuser time series and lack of independent degradation monitoring device are the primary reason that the SeaWiFS solar calibration data are only used to look for step functions in the on-orbit performance of the instrument instead of being a primary monitor of the radiometric performance of the instrument. Examination of the diffuser time series, in conjunction with the orbit node drift and varying beta angles (Figure 3 ), shows that as the orbit node drift gets large enough, the diffuser appears to no longer be uniformly illuminated by the Sun over the entire year. Starting in 2006 there are time periods each year when the diffuser shows shadowing effects that decrease the "apparent" diffuser reflectance beyond that expected from beta angle effects alone.
( a ) ( b ) In view of the poorly determined BRDF of the solar diffuser, the best correction for the BRDF/beta angle effects that the OBPG CVT has been able to derive for the diffuser time series is a linear regression against the cosine of the beta angle. Using band 1 (0.412μm) as an example, its improved diffuser time series, after applying the cosine beta angle correction, is illustrated in Figure 8 (a). The limitations of this beta angle correction are apparent, with the periodic residuals arising from the undetermined BRDF of the diffuser, and the increasing amplitude of the residuals arising from the shadowing effects. The diffuser time series does show that the reflectance degradation appears to follow a well-behaved function which underlies the periodic residuals in the data. The OBPG CVT has fit the diffuser time series for each band with a decaying exponential of the form:
where C is the time constant of the exponential. The OBPG CVT has determined that an optimum time constant for the exponentials is 200 days. As shown in Figure 8 (a), the decaying exponential fits through the periodic residuals in the data to provide a handle on the long-term trends in the diffuser reflectance. The fits to the diffuser reflectance time series for all eight bands are shown in Figure 8 (b) . This plot shows that the largest decrease in diffuser reflectance over the mission occurs for band 1, the shortest sensor wavelength of 0.412μm, at ~9%, while the smallest decrease in reflectance occurs for band 6 (0.670μm) at ~3.5%. The plot also shows that for all eight bands, the reflectance degradation has nearly stabilized after 3-4 years on orbit, approaching a final value in each band. One possible explanation for the degradation pattern is that the SeaWiFS diffuser is housed on the aft of the instrument, so it is not directly exposed to the spacecraft ram direction and is only illuminated by the Sun while the spacecraft is over the South Pole. The plot of the final reflectance for each band, as a function of wavelength, is shown in Figure 9 . This plot shows that the long-term trend in the diffuser reflectance is one of yellowing. There are several lessons learned from using MODIS and SeaWiFS solar diffusers for sensor on-orbit radiometric calibration and stability monitoring:
• Thorough characterization of the diffuser BRDF prior to sensor launch --this characterization is necessary to fully correct the solar calibration time series for variations in the beta angle (viewing geometry), and to effectively use the solar data as a primary monitor of the radiometric performance of the instrument. Such a characterization was performed for MODIS.
• Orbit maintenance for remote sensing instruments --orbit drift can impact the performance of remote sensing instruments in ways that are not fully predictable or fully anticipated prior to launch, The SeaWiFS solar diffuser time series, including the apparent shadowing effect during parts of the year, shows the necessity of satellite orbit maintenance for remote sensing instruments. The EOS satellites use active orbit maintenance to optimize the integrity of the satellite data.
• Limiting the diffuser exposure to direct sunlight and/or on-orbit contaminants --this was considered in the design of SeaWiFS diffuser housing and the use of a diffuser door in MODIS SD calibration system. The impact has been clearly demonstrated in the SeaWiFS diffuser time series and in the Terra and Aqua MODIS SD degradation trends under different operational conditions. • Diffuser degradation monitoring capability --this is necessary if the diffuser is used beyond short-term tracking of sudden changes in the instrument response.
• An end-to-end test of the SD calibration system's function and performance prior to launch --this is critical to establish an unbroken chain of sensor calibration traceability.
SUMMARY
This paper provides an overview of MODIS and SeaWiFS solar diffuser observations and applications. Different approaches, developed to track SD on-orbit degradations and other "undesirable" effects which have impacted on-orbit changes of SD degradation, are described and discussed. Long-term time series or trending results from both sensors are presented with emphasis on their spectral dependence of the SD degradation. Lessons and challenges from the use of SD for sensor on-orbit calibration are also presented. After more than 7 years of on-board operation, Aqua MODIS SD degradation is about 16% at 0.41μm, 10% at 0.47μm, 6% at 0.53μm, 5% at 0.55μm, and less than 3% at other longer wavelengths. Due to an SD screen operation anomaly, which led to more solar exposure on to the SD panel, the Terra MODIS SD degradation has been much faster. Cumulative Terra MODIS SD degradation, after more than 9 years, is approximately 44% at 0.41μm, 32% at 0.47μm, 22% at 0.53μm, 18% at 0.55μm, and less than 10% at other longer wavelengths. For SeaWiFS, the largest decrease in its diffuser reflectance over the entire mission is about 9% at the shortest sensor wavelength of 0.412μm (band 1), while the smallest decrease in reflectance is about 3.5% at 0.670μm (band 6). Also presented in the paper are lessons learned from MODIS and SeaWiFS SD system design, operation, and problems identified from on-orbit observations.
